The seasonal metabolism of chlorophyll, evidenced by the autumnal degreening of deciduous plants, is a visible sign of life.([@ref1]) It is estimated that every year, more than 10^9^ tons of chlorophyll are degraded.([@ref2]) It is remarkable, therefore, that the chemistry involved in chlorophyll breakdown began to be elucidated only within the last two decades.^[@ref1],[@ref3]−[@ref5]^ The first structural elucidation of a chlorophyll breakdown product in senescent barley leaves in 1991([@ref3]) revealed colorless tetrapyrroles, typified as nonfluorescent chlorophyll catabolites (NCCs), to be the "final" products of a degradation process during leaf senescence. To achieve deeper insights into common biochemical pathways of chlorophyll breakdown in higher plants, structural elucidation was subsequently focused on the characterization of NCCs and their fleetingly appearing precursors in different plant systems.^[@ref4],[@ref6]−[@ref8]^ The recent discovery of chlorophyll catabolites in fruit peels and flesh as well as their remarkable antioxidant properties([@ref9]) suggests that the chlorophyll degradation process may play a role in plant tissues that goes beyond the mere removal of cytotoxic chlorophyll during plant cell senescence.([@ref10]) To further evaluate this hypothesis, rapid and efficient analytical tools for direct identification and molecular profiling in plant tissues are needed.

Direct analysis of biological tissue by mass spectrometry and the even more demanding experiment of spatially resolved identification of chemical compounds in complex biological tissues are spawning powerful technologies.^[@ref11]−[@ref16]^ The ambient ionization technique known as desorption electrospray ionization mass spectrometry (DESI-MS) is of particular interest, since it offers a distinctive and simple approach based on analyte solubility both for direct analysis and for imaging mass spectrometry. Compared with traditional analytical methods that typically involve extensive sample preparation through extraction and chromatographic separation, ambient ionization methods involve the examination of samples under ordinary conditions with minimal to zero sample preparation.^[@ref15]−[@ref21]^ In DESI-MS, a stream of solvent droplets, charged by the application of a high voltage to the liquid, is driven by nitrogen gas and impacts the sample surface. The primary droplets produce a thin liquid film on the sample surface into which the compounds of interest are extracted. Further droplet collisions release analyte-containing secondary microdroplets, which follow the conventional desolvation processes of electrospray ionization as they move through an atmospheric pressure interface into the mass spectrometer.([@ref22]) With its simplicity, short analysis time (a few seconds) and high sensitivity, DESI-MS has been successfully used in direct targeted analysis of many different analytes, including fatty acids,([@ref23]) hormones,([@ref24]) and other small molecules.^[@ref25]−[@ref29]^ The direct characterization of plant tissues for alkaloids,([@ref30]) glycosides,([@ref26]) and Salvorin A([@ref31]) has also been successful.

In the case of spatially resolved identification of chemical compounds, DESI-MS imaging has become increasingly attractive, given its simplicity and the limited sample preparation steps compared with vacuum imaging techniques.^[@ref32],[@ref33]^ Previous imaging applications of DESI include examination of biological tissue sections to image lipids and the imaging of natural products in algal tissue.^[@ref34]−[@ref38]^ Imprinting of biological samples onto hard surfaces prior to imaging experiments has been reported in the study of membrane lipids by SIMS;([@ref33]) NALDI;([@ref39]) and in the case of DESI, in the imaging of bacterial cultures.([@ref20]) These experiments enhance signal intensities relative to direct imaging. In the latter stages of preparing this manuscript, we became aware of the closely related work of Thunig et al.,([@ref40]) also reporting imprints of leaves on porous PTFE. Here, we report on the direct, rapid, and high-throughput analysis of chlorophyll degradation products from leaf tissues and the application of the imprinting technique in the analysis and imaging of these compounds from plant materials by DESI-MS.

Experimental Section {#sec2}
====================

Chemicals and Reagents {#sec2.1}
----------------------

Chloroform and dichloromethane were purchased from Sigma-Aldrich (Milkwaukee, WI), and methanol and acetonitrile (HPLC grade) were purchased from Mallinckrodt Baker Inc. (Phillipsburg, NJ). Deionized/distilled water was obtained using a Barnstead/Thermolyne deionizer unit (Barnstead Mega-Pure System, Dubuque, IA). The standard chlorophyll catabolite *Cj*-NCC-1 from *Cercidiphyllum japonicum* (Katsura tree) was isolated as described previously.([@ref41]) Porous PTFE sheets (thickness 1/16 in.) were purchased from SmallParts Inc. (Seattle, WA); Mitex PTFE filters (5 μm pores), from Millipore (Billerica, MA).

Plant Tissue Selection {#sec2.2}
----------------------

Senescent leaves from three different deciduous trees were collected on the Purdue University campus prior to analysis. The collected species were Katsura tree or *C. japonicum*; American sweetgum or *Liquidambar styraciflua*; and hophornbeam or *Ostrya virginiana*.

Instrumentation {#sec2.3}
---------------

All MS experiments were performed using a Thermo Fisher Scientific LTQ mass spectrometer (San Jose, CA, USA). Typical instrumental parameters used included 3 microscans, 100 ms maximum ion injection time, ±15 V capillary voltage, 150 °C capillary temperature, and ±65 V tube lens voltage. Data were acquired and processed using Xcalibur 2.0 software (Thermo Fisher Scientific, San Jose, CA). The identification of analyte ions was confirmed by tandem mass spectrometry using collision-induced dissociation. An isolation window of 1.5 Th (mass/charge units) and a normalized collision energy of 20--30% (manufacturer's unit) was selected.

Desorption Electrospray Ionization Mass Spectrometry (DESI-MS) {#sec2.4}
--------------------------------------------------------------

### Direct DESI Analysis {#sec2.4.1}

The leaf surfaces were spotted with about 5--10 μL of a mixture of chloroform/dichloromethane (1:1, v/v) to partly remove the waxy layer. After evaporation of the solvent mixture, the leaf was mounted onto a microscope glass slide (Gold seal; Portsmouth, NH) using double-sided tape. DESI experiments were carried out using a prototype of the Prosolia Inc. (Indianapolis, IN) Omni Spray desorption electrospray ion source, configured as described previously.^[@ref42],[@ref43]^ A sprayer-to-surface distance of 2 mm, a sprayer-to-inlet distance of 2.5 mm, an incident spray angle of 55°, and a collection angle of 10° were used. The spray voltage was set at 4--5 kV. Nitrogen gas (140 psi) was used for nebulization. The spray solvent, either 1% formic acid in methanol/water (70:30) or 0.1% ammonium acetate in methanol/water (70:30), was sprayed at a constant flow rate of 10--13 μL/min. Mass spectra were recorded for a few seconds during electrospray contact with the leaf surface. For tandem mass spectrometry (MS/MS) experiments, line scans across the tissue sample were performed, and data was acquired for ∼1 min.

### Production of Leaf Imprints {#sec2.4.2}

The freshly collected senescent leaf was placed on top of the PTFE material with the lower epidermis facing the PTFE surface. The upper side of the leaf was then covered with a filter paper and a 10 mL round-bottom flask was used as a plunger to imprint the leaf sap onto the PTFE surface.

### DESI Imaging Experiments {#sec2.4.3}

A 2D moving stage (Newport, Richmond, CA, USA) described elsewhere([@ref44]) was used. The leaf imprints were scanned in horizontal rows separated by 150 to 300 μm vertical steps until the entire tissue sample had been analyzed. The lines were scanned at a constant velocity in the range of 170--280 μm/s, and mass spectra were recorded over the *m*/*z* 400--900 range. Five microscans were averaged, and the scan time was fixed in the range of 0.7--1.4 s. Under these conditions, lateral spatial resolution in the range of 130--310 μm could be achieved in DESI-MS imaging. For individual settings and acquisition times, see the captions to Figure [5](#fig5){ref-type="fig"}a and [Supporting Information](#notes-2) Figures S3 and S4. In-house software was used to convert the Xcalibur 2.0 mass spectra files (.raw) into a format compatible with BioMap (freeware, <http://www.maldi-msi.org/>), which was used to process the mass spectral data to generate two-dimensional spatially accurate ion images.

Results and Discussion {#sec3}
======================

Direct Identification of Chlorophyll Catabolites in Senescent Leaves by DESI-MS {#sec3.1}
-------------------------------------------------------------------------------

### Direct DESI Analysis of the Leaf Surface {#sec3.1.1}

Three higher plants, which were easily accessed on the Purdue University campus, were selected for these experiments. The Katsura tree (*C. japonicum*) and American Sweetgum (*L. styraciflua*) are widespread deciduous trees whose chlorophyll degradation products are identified, structurally characterized and described in the literature.^[@ref7],[@ref45],[@ref46]^ The third, the hophornbeam tree (*O. virginiana*), has not been studied before. Spray solvent composition and DESI source geometry were optimized for both positive and negative ion modes using as a reference compound the pure, isolated chlorophyll catabolite *Cj*-NCC-1 (molecular mass, 644 Da) from *C. japonicum*, dissolved in methanol.^[@ref7],[@ref45]^ Chlorophyll catabolites are known to be linear tetrapyrroles with an even number of nitrogen atoms;([@ref47]) hence, the protonated molecules are expected to have odd masses between 600 and 1100 Da. A sample spot on PTFE surface of ∼3 mm in diameter was analyzed using methanol/water (20:80, v/v) as spray solvent. The polyfunctionalized linear tetrapyrrole, *Cj*-NCC-1, was found to readily undergo ionization in the positive as well as the negative ion mode and could be detected using MS/MS product ion scans at concentrations as low as 10 ppb, corresponding to 20 pg absolute amount. Collision-induced dissociation (CID) experiments showed typical fragmentation patterns, which are characteristic of tetrapyrrolic chlorophyll degradation products([@ref9]) (Figure [1](#fig1){ref-type="fig"}). At concentrations above 500 ppm, dimeric ions were observed.

![(A, B) DESI-MS spectra of a 3 mm spot of *Cj*-NCC-1 standard on a PTFE surface. Spray solvent was methanol/water (20:80) at a flow rate of 3 μL/min. (A) Positive ion mode DESI-MS spectrum. Protonated, sodiated, and potassiated molecules were detected at *m*/*z* 645, 667, and 683, respectively; the dimer, at *m*/*z* 1311. (B) Negative ion mode DESI-MS. Ions corresponding to deprotonated molecules were observed at *m*/*z* 643, and its dimer, at *m*/*z* 1287. (C) Positive ion mode DESI-MS/MS spectrum of the protonated molecule, *m*/*z* 645. (D) Negative ion mode DESI-MS/MS spectrum of the deprotonated molecule, *m*/*z* 643. (E) Constitutional formula of *Cj*-NCC-1,([@ref45]) characteristic CID fragmentations observed in positive ion mode (+) and negative ion mode (−) are highlighted in gray.](ac-2011-01123t_0006){#fig1}

The optimized DESI conditions were then used to directly analyze freshly collected senescent leaves of *C. japonicum*.([@ref45]) Pretreatment of the leaf surfaces with about 5--10 μL of a mixture of chloroform/dichloromethane (1:1, v/v) prior to analysis turned out to be necessary for the removal of the waxy top layer. After solvent evaporation, the DESI spray was rastered across the leaf surface until the entire leaf section had been sampled. Signals at *m*/*z* 645 as well as at *m*/*z* 683, corresponding to \[M + H\]^+^ and \[M + K\]^+^ of the catabolite *Cj*-NCC-1, were observed in the full scan mass spectrum ([Supporting Information](#notes-2), Figure S2). The detection of *Cj*-NCC-1 in the senescent leaf was confirmed by CID fragmentation of the ions *m*/*z* 645 and 683, which showed fragment ions with relative intensities consistent with those of the isolated *Cj*-NCC-1 catabolite (Figure [1](#fig1){ref-type="fig"}). A neutral loss of methanol (loss of 32 Da) corresponded to the presence of a methyl ester group, and a loss of 123 Da indicated a vinyl group to be substituted on ring A of the tetrapyrrole.

Similar DESI conditions were then used to analyze senescent leaves of the hophornbeam tree. As can be seen in Figure [2](#fig2){ref-type="fig"}, the DESI-MS spectrum showed signals at *m*/*z* 679, 701, and 717 as the DESI sprayer was rastered across the pretreated leaf surface. These signals indicated the presence of a compound similar to *Hv*-NCC-1, the first identified and characterized chlorophyll catabolite from barley leaves (*Hordeum vulgare*),([@ref3]) or *So*-NCC-2, identified in spinach (*Spinacia oleracea*).([@ref48]) These catabolites differ from *Cj*-NCC-1 by the presence of a dihydroxyethyl substituent on ring A (for a constitutional structure, see Figure [2](#fig2){ref-type="fig"}, panel C). The ions at *m*/*z* 679, 701, and 717 correspond to the protonated, sodiated, and potassiated molecules of this compound, respectively, as further verified by fragmentation of the protonated molecule, *m*/*z* 679 (Figure [2](#fig2){ref-type="fig"}, panel B). The characteristic loss of methanol (fragment at *m*/*z* 647) was typical of the presence of a methyl ester, whereas a loss of 157 Da (fragment at *m*/*z* 522) indicated the cleavage of ring A substituted with a diol functionality. Further confirmation of the proposed structure of the observed catabolite "*Ov*-NCC-1" from *O. virginiana* leaves was achieved using reactive DESI experiments. (The terminology *Ov*-NCC-1 corresponds to *[O]{.ul}strya [v]{.ul}irginiana*[n]{.ul}on-fluorescent [c]{.ul}hlorophyll [c]{.ul}atabolite **[1]{.ul}**; as can be seen in [Supporting Information Figure S1](#notes-2), chlorophyll degradation products are typically named with respect to their retention behavior in RP-HPLC).

![(A) Positive ion mode DESI-MS spectrum of the direct analysis of a hophornbeam (*O. virginiana*) leaf. Spray solvent was methanol/water (80:20) at a flow rate of 3 μL/min. Protonated, sodiated, and potassiated molecules were detected at *m*/*z* 679, 701, and 717, respectively. (B) DESI-MS/MS spectrum of the isolated protonated molecule, *m*/*z* 679. (C) Proposed structure of the chlorophyll catabolite corresponding to the ion at *m*/*z* 679, the *Ov*-NCC-1. The structure shown is proposed considering previous data.^[@ref3],[@ref48]^ Characteristic fragmentations due to the losses of methanol (fragment at *m*/*z* 647) and ring A (fragment at *m*/*z* 522) are marked.](ac-2011-01123t_0001){#fig2}

Reactive DESI, a variant of the basic DESI experiment, improves the sensitivity and selectivity of target molecules detection by implementing rapid chemical reactions at the sample spot concurrently with acquisition of mass spectra.^[@ref49],[@ref50]^ The experiment is carried out by dissolving a suitable chemical reagent into the spray solvent. Reactions selected are chosen to occur rapidly and produce products that are ionized efficiently or have a permanent charge.^[@ref51],[@ref52]^ In this study, the presence of a diol functionality (as a substituent on ring A) in the proposed structure of *Ov*-NCC-1 was further confirmed by reactive DESI-MS experiments on the senescent *O. virginiana* leaf extract. The chemical reagent of choice was an aqueous solution of phenylboronic acid (PhB(OH)~2~) adjusted to slightly basic pH with aqueous ammonia, as explained elsewhere.([@ref53]) In the presence of a *cis*-diol functionality, a cyclization reaction (see Figure [3](#fig3){ref-type="fig"}; panel A) with phenylboronate anions (PhB(OH)~3~^--^; *m*/*z* 139) occurs, and the product of the reaction can be detected directly by mass spectrometry in the negative ion mode.([@ref53]) As depicted in Figure [3](#fig3){ref-type="fig"} (panel D), a signal at *m*/*z* 781 was observed, and the fragmentation patterns recorded under MS/MS conditions confirm the reaction of phenylboronic acid with the diol substituent of the chlorophyll catabolite; hence, confirming the structure predicted from the MS/MS data of the underivatized catabolite (Figure [2](#fig2){ref-type="fig"}).

![(A) Rapid and reversible covalent complexation of phenylboronic acid with 1,2-diols to form cyclic boronates in basic aqueous media.([@ref53]) (B) Reactive species generated in solution and detected during reactive DESI-MS. (C) Proposed structure of the cyclization product of phenylboronic acid and the chlorophyll catabolite. (D) Negative ion mode reactive DESI-MS/MS spectrum of a hophornbeam (*O. virginiana*) leaf extract spotted on a PTFE surface. Spray solvent at a flow rate of 3 μL/min was 3 mM phenylboronic acid reduced to pH 9 using aqueous ammonia. The deprotonated cyclization product of phenylboronic acid and the chlorophyll catabolite at *m*/*z* 781 showed characteristic loss of Ph-B=O.](ac-2011-01123t_0002){#fig3}

### DESI Analysis of Leaf Imprints on PTFE Surfaces {#sec3.1.2}

Imprinting of biological samples onto uniform hard surfaces has been used previously to improve the sensitivity of mass spectrometric imaging techniques.^[@ref29],[@ref33]^ Prior to DESI-MS leaf imaging, leaf imprints of senescent plants were prepared and analyzed to examine any changes in signal intensities, compared with results from direct leaf analysis experiments. Preliminary direct leaf analysis experiments showed that despite surface pretreatment, chlorophyll catabolite related ions were abundant only at certain hot spots on the leaf surface in the positive as well as negative ion mode.

A possible explanation is provided by the anatomy of angiosperm leaves. Upper and lower regions of a leaf contain disimilar amounts of chlorophylls, and epidermal cells are covered by waxy leaf cuticles.([@ref54]) Although a surface pretreatment with dichloromethane/chloroform prior to analysis improved the signal intensity, epidermal cells and residual waxes constituted a mechanical barrier to extraction by charged microdroplets. The imprinting technique similar to that described for thin film DESI imaging([@ref29]) was therefore employed to break through this barrier. The choice of porous PTFE as a substrate for imprints was based on previous reports, which showed that the use of this material for DESI analysis makes the desorption of the analytes more efficient, resulting in more intense and stable signals compared with other surfaces.([@ref55]) The freshly collected senescent leaf was placed on porous PTFE with the lower epidermis facing the PTFE surface. A plunger was then used to imprint the leaf sap onto the PTFE material, and DESI analysis was carried out on the imprinted PTFE surface.

As a result of this transfer of the relevant compounds onto the PTFE surface, ion intensities from the DESI analysis of the PTFE leaf imprints increased by at least 1 order of magnitude compared with direct analysis. Ion intensitites depended on the area of the leaf being sampled, whether yellow (high NCC concentration) or green (low NCC concentration). Negative ion mode spectra obtained from the analysis of imprints made from senescent Katsura as well as hophornbeam leaves are shown (Figure [4](#fig4){ref-type="fig"}, panels A and D). Among the most abundant signals in the mass region of interest (*m*/*z* 600--900) are those of chlorophyll catabolites. With a few exceptions,^[@ref10],[@ref54],[@ref56]^ chlorophyll catabolites feature a free propionic acid side chain functionality, which is formed by saponification of the phytyl ester during chlorophyll degradation. It is easily deprotonated and, therefore, responsible for favorable ionization properties in the negative ion mode.

The identification of the compounds responsible for the peaks observed in the mass spectra was based on MS/MS experiments (Figure [4](#fig4){ref-type="fig"}, panels B, C and E, F). Linear tetrapyrrolic compounds generally show characteristic fragmentation patterns under CID conditions. A neutral loss of methanol (32 Da) found in all four MS/MS spectra depicted in Figure [4](#fig4){ref-type="fig"} (Panels B, C, E, and F) indicated the presence of a methyl ester functionality at the 13^2^ position of the catabolites (as in chlorophyll *a*). The loss of ring A is often observed and reflects either the presence of a vinyl substituent (123 Da) or a dihydroxyethyl group (157 Da). The loss of a glycose unit in the case of a glycosylated ring B is important, but it can be observed only when the protonated molecule is analyzed in the positive ion mode.

The gain in sensitivity obtained from the use of leaf imprints also allowed for the detection of NCCs that are typically present in relatively lower concentrations and therefore barely detectable directly from leaf tissues. According to previous reports, the natural abundances of the two known chlorophyll degradation products of the Katsura tree (*Cj*-NCC-1 and *Cj*-NCC-2) are different.^[@ref7],[@ref45]^*Cj*-NCC-1 represents more than 95% of the two described chlorophyll catabolites, which is reflected by the different ion intensities obtained by DESI-MS analysis of the leaf imprint. Although the signal of the deprotonated major catabolite *Cj*-NCC-1 is intense at *m*/*z* 643 (see Figure [4](#fig4){ref-type="fig"}, panel A), the signal of the minor abundance *Cj*-NCC-2 at *m*/*z* 627 was barely visible in the full scan mode. Nevertheless, the ions at *m*/*z* 627 were isolated and fragmented to give a high-quality spectrum (Figure [4](#fig4){ref-type="fig"}, panel C). A different pair of catabolites was detected in imprints of senescent leaves from the hophornbeam tree. The signals of the two deprotonated molecules at *m*/*z* 677 and 839 were detected at a ratio of 5:1 (Figure [4](#fig4){ref-type="fig"}, panel B). Subsequent HPLC analysis of extracts of senescent hophornbeam leaves shows the same compounds, although in different ratios within the plant tissue (see [Supporting Information](#notes-2) Figure S1), the peak *m*/*z* 677 being more intense than *m*/*z* 839.

![Negative ion mode DESI-MS spectra of PTFE leaf imprints. Spray solvent was 1% concentrated aqueous ammonia in methanol at a flow rate of 3 μL/min. (A) DESI-MS spectrum of a Katsura tree (*C. japonicum*) leaf imprint. (B, C) DESI-MS/MS spectra of the deprotonated molecules, *m*/*z* 643 and 627, corresponding to the two known chlorophyll catabolites in *C. japonicum*.^[@ref7],[@ref45]^ Characteristic fragmentations due to the losses of methanol, and ring A are highlighted in the depicted structures. (D) DESI-MS spectrum of a hophornbeam (*O. virginiana*) leaf imprint. (E, F) DESI-MS/MS spectra of the deprotonated molecules, *m*/*z* 677 and 839, corresponding to the two chlorophyll catabolites found in *O. virginiana*. Characteristic fragmentations due to the losses of methanol, and ring A are highlighted in the inserted structures (proposed considering data for constitutionally identical compounds described in the literature^[@ref3],[@ref48],[@ref57],[@ref58]^).](ac-2011-01123t_0003){#fig4}

Imaging Chlorophyll Catabolites in Senescent Plant Tissues by Desorption Electrospray Ionization Mass spectrometry {#sec3.2}
------------------------------------------------------------------------------------------------------------------

For imaging experiments, the fresh imprints of senescent leaves were prepared as described. DESI-MS imaging was performed on the imprints in the negative ion mode, detecting ions in the *m*/*z* 400--900 range. A typical image section of a senescent Katsura tree leaf is shown in Figure [5](#fig5){ref-type="fig"} (panel A). The degreening of the leaf can be seen in the regions near the veins of the leaf. Panel B shows the PTFE imprint of a selected leaf section, and ion images of two deprotonated chlorophyll catabolites in senescent leaves of the Katsura tree, *m*/*z* 643.2 and 627.2, are depicted in panels C and D, respectively. Each selected ion image is plotted on the same color scale (depicted on the right side of Figure [5](#fig5){ref-type="fig"}). As expected, the most intense signals are those of the \[M -- H\]^−^ ions of the chlorophyll catabolites and are found in the degreened areas of the leaf. Small features depicting the beginning of senescence are reflected by ion intensities. Light microscopic images of leaf imprints (see [Supporting Information](#notes-2) Figure S5) indicated that the loss of spatial resolution due to the imprinting procedure could be kept in a range below 200 μm, which corresponds to the actual lateral resolution using the described DESI imaging method. A comparison of the images of the two ions also confirmed that catabolite *Cj*-NCC-1 (*m*/*z* 643.2) is more abundant in senescing Katsura tree leaves than catabolite *Cj*-NCC-2 (*m*/*z* 627.2). Therefore, DESI-MS imaging may also represent a useful tool for the determination of relative amounts of biologically relevant compounds in plant tissues. This qualitative agreement of relative concentration differences with spatial intensity distributions was also reported in a recent DESI imaging study of animal tissue.([@ref36])

![(a) Negative ion mode DESI imaging of a senescent Katsura tree leaf imprint on porous PTFE substrate. Spray solvent was 1% concentrated aqueous ammonia in methanol at a flow rate of 1.5 μL/min. Imaging parameters: 1.17 s/scan; 98 scans/horizontal row; 56 rows; pixel size was 310 × 250 μm; total acquisition time was 107 min. (A) 30.7 × 13.9 mm section of a photographic image taken from a senescent Katsura leaf. (B) 30.7 × 13.9 mm porous PTFE substrate with Katsura leaf imprint. (C, D) Ion images of the two chlorophyll catabolites^[@ref7],[@ref45]^ in Katsura leaves at *m*/*z* 643.2 and 627.2. Both images are plotted on the same color scale, which is depicted on the right-hand side of the figure to visualize relative ion intensities from 0 (black) to 100 (red). (b) Negative ion mode DESI imaging of a senescent American sweetgum leaf imprint on porous PTFE substrate. Spray solvent was 1% concentrated aqueous ammonia in methanol at a flow rate of 1.5 μL/min. Imaging parameters: 0.72 s/scan; 119 scans/horizontal row; 50 rows; pixel size was 130 × 300 μm; total acquisition time was 71 min. (A) Photographic image taken from a senescent American sweetgum leaf. The rastered 15 × 15 mm section is highlighted in red. (B, C) Ion images of the two chlorophyll catabolites found in American sweetgum([@ref46]) at *m*/*z* 643.2 and 627.2. Both images are plotted on the same color scale, which is depicted on the right-hand side of panel a to visualize relative ion intensities from 0 (black) to 100 (red).](ac-2011-01123t_0004){#fig5}

DESI imaging on the senescent leaves of American sweetgum and hophornbeam also yielded informative ion images (Figure [5](#fig5){ref-type="fig"} and [Supporting Information](#notes-2) Figures S3 and S4). In three different types of leaves, six linear tetrapyrrolic compounds were detected, identified, and imaged by DESI-MS. These correspond to four structurally different catabolites found in higher plants.^[@ref3],[@ref7],[@ref45],[@ref48],[@ref57],[@ref58]^ The results show the detectability of chlorophyll catabolites with different functional groups, suggesting that this methodology can be utilized to image a broad variety of biologically relevant polyfunctionalized molecules.

Conclusions {#sec4}
===========

DESI-MS allows the rapid identification, structural elucidation, and spatially resolved determination of biologically relevant polyfunctionalized compounds in plant tissues. Specifically, the detection and the spatial distribution of NCCs, the final products of the chlorophyll degradation process, have been determined in several species. The sensitivity of DESI-MS for leaf tissue analysis was enhanced by the introduction of an imprinting process using porous PTFE materials as substrate; this also allowed for the identification of additional secondary chlorophyll catabolites that present in relatively lower concentrations in these leaf matrices. Further DESI imaging experiments provided relevant information on the distribution of these compounds within senescent leaves, and confirmed their relative concentrations. The results suggest the potential use of DESI-MS and DESI-MS imaging as tools for the direct analysis of polyfunctionalized compounds in plant materials.
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